A 2.1-kilobase segment of the antibiotic resistance plasmid R6K R6K is a multicopy (10-15 copies per chromosome) plasmid that is 38 kilobases (kb) in size and specifies resistance to the antibiotics ampicillin and streptomycin (1). A physical and genetic map of plasmid R6K has been obtained that includes two bidirectional origins of replication (2-4) and an asymmetric terminus of replication (2, 4). Construction of low molecular weight derivatives of R6K has defined a 2.1-kb segment of this plasmid that contains sufficient information for autonomous replication in Escherichia coli (see Fig. 1 ) (5). This segment contains an origin of replication and a region (pir) that codes for a protein (designated ir) that is required for initiation of R6K DNA replication (6-8). The pir region is included in two adjacent HindIII fragments (designated 15 and 9) in this 2.1-kb segment of R6K. The origin of replication is located in the region of the junction of the HindIII fragment 9 and the adjacent HindIII fragment 4. HindIII fragments 15 and 9 do not in themselves constitute a functional replicon, but when these two fragments are joined to a CoIEl replicon or to a X phage derivative integrated in the E. coli chromosome, they will support in trans the replication of origin-containing derivatives of R6K (8). These origin-containing derivatives have in common a 380-base-pair (bp) region of R6K that includes the junction of HindIII fragments 9 and 4 (Fig. 1) . The nucleotide sequence of a portion of one of these origin-containing derivatives, pRK526, is described in this study. This nucleotide sequence includes a functional origin of replication of R6K and the region adjacent to the start of the structural gene for the 7r protein.
structural gene was determined. A striking feature of the sequence is the presence of seven 22-base-pair direct repeats joined in tandem in the region adjacent to the start of the 7K gene. A possible role of the tandem repeats in the regulation of expression of the wr protein and the control of initiation of replication of the plasmid R6K is discussed.
R6K is a multicopy (10-15 copies per chromosome) plasmid that is 38 kilobases (kb) in size and specifies resistance to the antibiotics ampicillin and streptomycin (1) . A physical and genetic map of plasmid R6K has been obtained that includes two bidirectional origins of replication (2) (3) (4) and an asymmetric terminus of replication (2, 4) . Construction of low molecular weight derivatives of R6K has defined a 2.1-kb segment of this plasmid that contains sufficient information for autonomous replication in Escherichia coli (see Fig. 1 ) (5) . This segment contains an origin of replication and a region (pir) that codes for a protein (designated ir) that is required for initiation of R6K DNA replication (6) (7) (8) . The pir region is included in two adjacent HindIII fragments (designated 15 and 9) in this 2.1-kb segment of R6K. The origin of replication is located in the region of the junction of the HindIII fragment 9 and the adjacent HindIII fragment 4. HindIII fragments 15 and 9 do not in themselves constitute a functional replicon, but when these two fragments are joined to a CoIEl replicon or to a X phage derivative integrated in the E. coli chromosome, they will support in trans the replication of origin-containing derivatives of R6K (8) . These origin-containing derivatives have in common a 380-base-pair (bp) region of R6K that includes the junction of HindIII fragments 9 and 4 ( Fig. 1) . The nucleotide sequence of a portion of one of these origin-containing derivatives, pRK526, is described in this study. This nucleotide sequence includes a functional origin of replication of R6K and the region adjacent to the start of the structural gene for the 7r protein.
MATERIALS AND METHODS
Enzymes and DNA Preparations. The restriction endonucleases HindIII, Hae II, and Hae III were purified by the procedure of Greene et al. (9) . Bgl II was the generous gift of C. Yanofsky. Bacterial alkaline phosphatase and T4 polynucleotide kinase were from Worthington and P-L Biochemicals, respectively. The Klenow fragment ("large fragment") of E. Plasmid pRK526 was maintained in the E. coli strain C600trpE5 (<80) (X*pirR6K) that was constructed by R. Kolter. The covalently-closed circular DNA form of pRK526 was isolated from Sarkosyl lysates (10) and purified by two centrifugations to equilibrium in CsCl/ethidium bromide gradients. The DNA was precipitated with isopropanol and dissolved in the appropriate buffers for restriction enzyme digestion and end-labeling.
Labeling of DNA Fragments. Samples (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) the final digestion patterns. Fragments were separated on 6% acrylamide gels, and the labeled bands eluted as described (14) .
DNA Sequence Determination. All chemical degradations were carried out according to Maxam and Gilbert (14) . Dimethylsulfate was used for G reactions, NaOH for A > C reactions, hydrazine plus 5.6 M NaCl for C reactions, and hydrazine for C+T reactions. Samples for each reaction contained [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 
1150
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. A_ 340 RESULTS HindII fragments 9 and 15 of plasmid R6K, when present ir E. coli cells, will support the replication of origin-containind erivatives of R6K (8) . One of these low molecular weight de rivatives, plasmid pRK526, consists of a 1300-bp Hae II frag ment containing a functional R6K replication origin joined t a 1400-bp Hae II fragment that specifies resistance to kan amycin ( (8) . overhangs generated by these restriction enzymes (15, 16) . The directionality of sequence determination from each end label and the total region whose sequence was determined are also shown in Fig. 2 . The DNA fragments isolated after end labeling of the Bgl II and HindIII restriction endonuclease sites are shown in Fig. 3 . DNA end labeling at the two HindIII enzyme sites (one located in the Hae II kanamycin fragment) and digestion with Hae III generates nine bands with four labeled fragments of 680, 500, 115, and 25 bp, respectively. The fragments that are 680 bp and 115 bp long are those encompassing the 9/4 HindIII junction. pRK526 DNA cleaved and labeled at the Bgl II site and then digested with Hae II gives three separate fragments when fractioned on 6% polyacrylamide gels. Two of these (940 bp and 340 bp) are labeled at the Bgl II site.
Chemical degradations were carried out on the four labeled DNA fragments described above; selected gels from the 520-bp sequence are displayed in Fig. 4 . Gels a-e represent the sequences labeled at the 3 The entire 520-bp sequence is displayed in Fig. 5 are interrupted by nonsense codons in both directions, indicating that no large polypeptides are coded for in this region. However, coding for small functional peptides cannot be ruled out. An exception is a possible GUG start at base 370, which is open with respect to translation as far as the sequence has been determined. Seven tandem 22-bp direct repeats are designated by arrows in Fig. 5 starting at position 93 and continuing through 246. An eighth repeat unit in the region 362 to 383 contains the open GUG start. As shown in Fig. 6 , the repeat units are nearly-identical in sequence, with the exception of the middle unit which contains five different bases.
DISCUSSION
The nucleotide sequence of the region containing a functional origin of plasmid R6K replication that is present in pRK526, a low molecular weight derivative of plasmid R6K, has been determined. The replication of pRK526 in E. coli requires the presence of HindIl fragments 9 and 15 of R6K, which code for a protein (Xr) that is required for the initiation of R6K replication (6) (7) (8) . These fragments can be incorporated into E. coli cells by joining them to a ColEl replicon or to a X phage derivative that is integrated in the host chromosome (8) . Plasmid pRK526 is maintained in cells carrying HindIII fragments 9 and 15 at a copy number similar to that of the parent R6K plasmid (10-15 copies per chromosome) (8) . The functional origin of replication in pRK526 described in this study is contained within portions of HindIll fragment 9 and the adjacent HindIll fragment 4 (8) . The close proximity of a gene speci- fying a protein required for the initiation of DNA replication to the origin of replication has been shown for several different replicons. Examples of this close spatial relationship are the cisA protein of phage qX174 (20) (21) (22) , the 0 protein of phage X (23) (24) (25) , and the T antigen of the animal virus simian virus 40 (26) (27) (28) (29) . In the case of the R6K derivatives described in this study, evidence has been obtained for the start of translation of the ir protein in HindIII fragment 9 (unpublished observations). The nucleotide sequence obtained for a portion of fragment 9 contains a possible promoter for leftward transcription of the pir gene (Fig. 5) . This site contains an RNA polymerase recognition sequence (nucleotide bases 49 through 60) within a region having limited 2-fold rotational symmetry. The sequence -T-A-T-A-T-T-A-at positions 74 through 80 differs by one base from the one described by Pribnow as an RNA polymerase binding site (18) . If this is the case, transcription would begin at position 86, proceed through the region containing the direct repeats, and continue through the rest of fragment 9 and all of fragment 15 to include the extra pir structural gene. Binding of the or protein to the direct repeat region (a presumptive operator) could serve to regulate gx synthesis by shutting off transcription. This would provide an autoregulatory mechanism for the regulation of DNA replication and possibly plasmid copy number. The finding of a similar copy number of plasmid derivatives carrying this origin fragment in E. coli cells carrying the pir gene either on the chromosome or on a multicopy plasmid is consistent with an autoregulation of ir protein synthesis (8) . Direct repeats function in regulating the expression of the cI and crc genes in phage A (30, 31) . The CI and Cro repressor proteins bind to the 17-bp repeats that constitute the left-and right-hand operators and promoters of the phage (32) . It has been proposed that this binding serves to autoregulate transcription of these repressor genes (32) . Tandem repeats also have recently been observed at or near the origins of DNA replication of phage A (33) and simian virus 40 (29) . It is also possible that the direct repeats found near the functional origin of plasmid R6K are involved in regulating other properties of this plasmid such as incompatibility or segregation or both.
Initiation of R6K DNA replication is rifampicin sensitive, indicating an involvement of RNA polymerase (6, 7) . The fact that pRK526 is not maintained in E. coli cells if a DNA fragment is inserted in the HindIII site at the 9/4 junction raises the possibility that an origin RNA primer is synthesized across this HindIII site. RNA polymerase conceivably could initiate this RNA primer synthesis in the vicinity of the EcoRII site at nucleotide positions -20 to -34, which contain an RNA polymerase recognition sequence (Fig. 5) . The primer would then be synthesized across the 9/4 junction and possibly terminate at the stretch of adenine residues at positions 21-29 (Fig. 5) . Adenine residues have been implicated in rho-independent termination of transcription by RNA polymerase (19) . Runs of adenine residues of varying lengths (five to nine bases) also have been observed near origins of replication of plasmid ColEl (34, 35) , phage X (33), the papovaviruses simian virus 40 (28. 29) , polyoma (36) , and BK (37), the origin of E. coli replication (38, 39) , and the leader sequence of the tryptophan operon (40) .
The significance of the putative methylated cytosine residues at positions -33 and -35 with regard to the replication origin activity of this region is not known. These modified bases are part of an EcoRII restriction endonuclease cleavage site (41) and are recognized by both the EcoRII and cellular methylase activities (42) . Methylated cytosine residues are found in the region of the origin for replication of plasmid CoWEl, but in this case methylation of these bases is not required for maintenance of the plasmid.
It is unclear whether the origin fragment of R6K whose sequence we have determined corresponds to either the a or A origins previously mapped by electron microscopy (3, 5) . Attempts to isolate other origin-containing fragments from R6K by the transcomplementation system have proven unsuccessful. It is clear, however, that the nucleotide sequence described contains an origin of replication in the region of the HindIII site that is functional in the presence of ir protein. Whether the ir protein recognizes a sequence of nucleotides at this origin or interacts with another polypeptide involved in the initiation event at this sequence remains to be determined.
